The present study aimed to investigate the role and underlying mechanisms of microRNA16 (miR-16) on proliferation, apoptosis and invasion of glioma cells. The cell models of miR-16 upregulation and Negative control group (NC group) were built. The cell functions of different groups were detected by colony formation assay, transwell chamber assay, proliferation, apoptosis and cycle experiments. The intracranial orthotopic transplantation animal models were built to different groups: miR-16 agomir group, miR-16 antagomir group and their NC group. The expressions of miR-16, Wip1, ATM and p53 were measured by qRT-PCR, western blot and immunohistochemistry. As a result, miR-16 overexpressed groups had lower cloning formation rate and proliferation rate, less invasive cells, higher early apoptosis rate than the control groups. G1 phase was significantly smaller compared miR-16 overexpressed groups with the control groups, and S phase significantly lesser. Cell growth was retardated. Differences were statistically significant (P <0.05). Compared with miR-16 overexpressed groups and NC groups, the Wip1 gene and protein expression were downregulated, while ATM and p53 genes, p-ATM and p-p53 proteins were upregulated. The differences were statistically significant (P <0.05). Taken together, our findings demonstrated that miR-16 suppressed glioma cell proliferation and invasion, promoted apoptosis and inhibited cell cycle by targeting Wip1-ATM-p53 signaling pathway.
INTRODUCTION
Glioma accounts for 80% of all malignant primary brain tumors, with an annual incidence of approximately 6 per 100,000 in the USA [1] . It showed high mortality and recurrence rate, due to difficult to completely remove by operation, and not sensitive to radiotherapy and chemotherapy. Five year survival rate was only 20%~30% [2] . Thus, it is critical to deeply explore the molecular mechanisms of glioma, providing clinical diagnostic markers and therapeutic targets.
MicroRNAs play important roles in the initiation and progression of tumors. As a member, microRNA16 (miR-16) has been found to be abnormally expressed in many kinds of tumors, presenting an interestingly twosided phenomenon. In one hand, miR-16, although first reported in chronic lymphocytic leukemia (CLL) as a tumor-suppressor [3] , was downregulated in many types www.impactjournals.com/oncotarget/ Oncotarget, 2017, Vol. 8, (No. 33), pp: 54788-54798
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of cancer, including human hepatoma [4] , colorectal cancer [5] , bladder cancer [6] , prostate cancer [7] , brain glioma [8] and different kinds of lymphoma or leukemia [9] [10] [11] [12] [13] . Restoring its level helped to enhance apoptosis and retard the cell-cycle of the cancer cells. In the other hand, miR-16 was also found to be upregulated in some types of cancer such as gastric cancer [14] , pancreatic cancer [15] , renal cell carcinoma [16] and ovarian carcinoma [17] , indicating its potential role as an oncomiR. Moreover, Zhang et al. [18] have found that the transcripts of the Wip1 gene were specifically targeted by miR-16. Overexpression of miR-16 abolished the DNA damage-responsive Wip1 induction while inhibition of miR-16 markedly accelerated and enhanced the Wip1 induction. Oncogenic Wip1 phosphatase was inhibited by miR-16 in the DNA damage response and mammary tumorigenesis. At present, it has been found that there were at least 7 target proteins of Wip1, including p53, p38MAPK, ATM, CHK1, CHK2, MDM2 and UNG2 [19] . However, more detailed information about the function and molecular mechanisms of miR-16 in glioma still remains poorly understood.
Therefore, in the present study, miR-16 and related target genes Wip1, ATM and p53 were detected in vivo and in vitro experiments, and their effects on glioma and its possible mechanism were discussed.
RESULTS

Overexpression of miR-16 inhibited the proliferation and invasion of SHG44, U87 and U251 cells
Clone formation and EdU proliferation experimental results suggested that clone formation rate and cell proliferation rate were lower in miR-16 mimic groups than those in NC groups ( Figure 1A-1D) . The results showed that overexpression of miR-16 inhibited the growth and proliferation of SHG44, U87 and U251 cells.
Cell invasion experiment showed that the average number of invasive cells per field of vision from 137 to 74 ( Figure 1E and 1F) in miR-16 mimic groups compared with NC groups. It indicated that overexpression of miR-16 significantly inhibited the invasion of SHG44, U87 and U251 cells in matrix gel. negative control, SHG44, U87 and U251 cells clone formation rates of miR-16 mimic groups were lower than those of the NC groups. The differences were statistically significant (P <0.01). (C, D) SHG44, U87, U251 cells proliferation assay results: the cell proliferation rates of miR-16 mimic groups were lower than those of NC groups, and the differences were statistically significant (P <0.01). (E, F) The average number of invasive cells per field of vision was significantly decreased from 137 to 74 in miR-16 mimic groups compared with the NC groups. The differences were statistically significant (P <0.05).
Overexpression of miR-16 promoted tumor cell apoptosis and inhibited cell cycle progression
Flow cytometry analysis showed that apoptosis rates of SHG44, U87 and U251 cells were higher in miR-16 mimic groups than those in NC groups (Figure 2A and 2B), suggesting that overexpression of miR16 promoted cell apoptosis.
Next, SHG44, U87 and U251 cells cycle were detected by the flow cytometry. Results showed that cells of G1 phases were significantly more in miR-16 mimic groups than those in NC groups, while cells of S phases were significantly lesser. Cell growth was restricted ( Figure 2C and 2D [20] . As shown in Figure 3 , statistical results showed that: the tumor size of miR-16 agomir group was smaller than that of NC group, and the tumor size of miR-16 antagomir group was larger than that of NC group. The differences were statistically significant (P <0.05). This result was a direct description that overexpression of miR-16 could reduce glioma growth and invasion.
Overexpression of miR-16 reduced the expression of Wip1 and increased the expressions of ATM and p53
qRT-PCR was used to examine the expressions of miR-16, Wip1, ATM and p53 genes in SHG44, U87, U251 cells and brain glioma tissues of nude mice. The results showed that the expression of miR16 gene was higher in miR-16 agomir groups than that in NC groups, and lower in miR-16 antagomir groups than that in NC groups ( Figure 4A) . Besides, the expression of Wip1 gene was lower in miR-16 agomir groups than that in NC groups, while significantly higher in miR-16 antagomir groups than that in NC groups ( Figure 4B ). Conversely, the expressions of ATM and p53 genes were higher in miR-16 agomir groups than those in NC groups, while significantly decreased in miR-16 antagomir groups compared with NC groups ( Figure 4C and 4D). The study confirmed that miR-16 inhibited the expression of Wip1 gene, while increased the expression of ATM and p53 genes. in miR-16 mimic groups were higher than those in NC groups, and the differences were statistically significant (P <0.05). (C, D) Compared with the NC groups, SHG44, U87 and U251 cells in miR-16 mimic groups were significantly more in G1 phase, and lesser in S phase. The differences were statistically significant (P <0.05).
Also, the protein expressions of Wip1, p-ATM and p-p53 were detected by western blot and immunohistochemistry. The results showed it was lower expression of Wip1 protein and higher expression of p-ATM and p-p53 proteins compared miR-16 agomir groups with NC groups. Conversely, it was higher expression of Wip1 protein and lower expression of p-ATM and p-p53 proteins compared miR-16 antagomir groups with NC groups (Figures 5 and 6 ). It was similar to the result of qRT-PCR, indicating that miR-16 could also qRT-PCR detected miR-16 expression of nude mice brain glioma. The expression of miR-16 was significantly higher in miR-16 agomir group than that in the NC group, and significantly lower in miR-16 antagomir group compared with NC group. The differences were statistically significant (P <0.05). (B) The expression of Wip1 was significantly lower in miR-16 agomir group than that in the NC group, and significantly higher in miR-16 antagomir group compared with NC group. The differences were statistically significant (P <0.05).
(C) The expression of ATM was significantly higher in miR-16 agomir group than that in the NC group, and significantly lower in miR-16 antagomir group compared with NC group. The differences were statistically significant (P <0.05). (D) The expression of p53 was significantly higher in miR-16 agomir group than that in the NC group, and significantly lower in miR-16 antagomir group compared with NC group. The differences were statistically significant (P <0.05). mimic groups than that in NC groups. Conversely, expressions of p-ATM (s1981) and p-p53 (s15) proteins were higher compared miR-16 mimic groups with NC groups. (B) In brain glioma tissues of nude mice, it was lower expression of Wip1 protein and higher expressions of p-ATM (s1981) and p-p53 (s15) proteins in miR-16 agomir groups than that in NC groups, and higher expression of Wip1 protein and lower expressions of p-ATM (s1981) and p-p53 (s15) proteins in miR-16 antagomir groups than that in NC groups.
increase the protein expressions of p-ATM and p-p53 by inhibiting the protein expression of Wip1.
MiR-16 directly targets Wip1 in glioma cell
To further support the observation that Wip1 is the direct target of miR-16, luciferase assays were performed using glioma cells transfected with Wip1 reporter constructs with or without miR16 ( Figure 7A ). As expected, luciferase activity in glioma cells was reduced by co-transfection of the Wip1 construct and miR16, while mutation of Wip1's 3'-UTR miR-16 binding sites abrogated reduction of luciferase activity by miR-16 ( Figure 7B ). The data indicates that miR-16 directly targets Wip1 in glioma cells.
DISCUSSION
MiR-16 was first discovered by Calin et al. [3] in CLL, which was proved to play an important role in tumorigenesis as a tumor suppressor gene. Thereafter, in the field of cancer, some studies have found miR-16 acts as a role of suppressor gene [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] , while other studies have demonstrated its role as an oncomiR [14] [15] [16] [17] . As for this seemingly contradictory issue, what are the exact role of miR-16 in glioma and its underlying mechanisms attracts our study interest.
In the present study, we first predicted that the 3'UTR of wild-type p53-induced phosphatase 1 (Wip1) and miR-16 can bind complementarily by Targetscan and microRNA network tools, suggesting that Wip1 may be a direct target gene of miR-16. The prediction was then confirmed by Luciferase assay. Wip1 belongs to the serine/ threonine protein phosphatase, which is a member of the protein phosphatase 2C (PP2C) family, located in the human chromosome 17q22/q24, by protein phosphatase magnesiumdependent 1 delta (PPMlD) gene encoding [21] . As a member of the PP2C and p53 target gene family, once Wip1 is activated by p53, it will directly cause the downstream target protein dephosphorylation and inactivation. Till now, it has been found that there are at least 7 target proteins of Wip1, including p53, p38MAPK, ATM, CHK1, CHK2, MDM2 and UNG2 [19] . Besides, recent studies have demonstrated that H2AX also serves as a target of Wip1 [22] [23] [24] [25] [26] [27] .
ATM kinase is a key tumor suppressor. Its activation can phosphorylate a variety of different target proteins inducing cell cycle arrest, DNA repair and apoptosis [28] . Human HDM2 homolog (MDM2) is an E3 ubiquitin ligase that can specifically degrade p53. ATM can be directly combined with p53 and MDM2, leading to phosphorylation of p53 and MDM2, blocking the degradation of MDM2 on p53, maintaining the level and stability of p53 directly and indirectly [29] . ATM can also phosphorylate SQ domain of CHK2 to phosphorylate ser15, 20 sites of p53, which activates its downstream p21 gene. P21 protein is a cyclin-dependent kinase inhibitor (CDI), which can inhibit CyclinE/Cdk2, causing G1 block and resulting in G1/S cell cycle arrest [30, 31] . The results of our experiments showed that the expression levels of ATM and p53 gene and p-ATM and p-p53 protein were high when Wip1 was low expression. In contrast, the expression levels of ATM and p53 gene and p-ATM and p-p53 protein were significantly decreased when Wip1 was high expression. Thus, Wip1 was proved to be an inhibitor of ATM kinase, which could inactivate ATM by dephosphorylation, to reduce the activity and expression of p53.
As the main tumor suppressor gene, p53 has the role of blocking cell cycle, inducing cell apoptosis and promoting DNA repair, so as to avoid accumulation of DNA damage and maintain the stability of the genetic and prevent cell transformation. It is of great significance in preventing the occurrence of tumors [32] . Wip1 can directly phosphorylate Ser15 site of p53 to make it inactive. It also can dephosphorylate Thr180 site of p38MAPK, inhibit p38MAPK activity and then block the phosphorylation of Ser33 and Ser46 of p53, which is the downstream target gene of p38MAPK. Wip1 can make p53 dephosphorylated and inactivated by dephosphorylating the Ser345 sites of CHK1 and CHK2, leading to the occurrence of tumor. By dephosphorylation of MDM2 and making its stability, Wip1 can enhance the interaction between MDM2 and p53, to promote the degradation of p53 protein [33] [34] [35] . Our study showed that Wip1 can suppress p53 gene and p-p53 protein. When overexpression of Wip1, p53 gene and p-p53 protein were both decreased.
In this study, our findings showed that miR-16 can significantly inhibit cell proliferation and invasion, promote cell apoptosis and block cell cycle progression. qRT-PCR, western blot and immunohistochemistry showed that the expressions of Wip1 gene and protein decreased obviously in the group of miR-16 overexpression compared with those in the group of miR-16 knockdown. Conversely, ATM and p53 gene and p-ATM and p-p53 proteins increased overexpression in the groups of miR-16 overexpression compared with those in the groups of miR-16 knockdown. This result indicates that Wip1 is the target gene of miR-16, and miR-16 can inhibit the expression of Wip1 [18, 36] . While Wip1 is ATM and p53 inhibitor, when the over expression of miR-16, both ATM and p53 increase expression because of losing the inhibition of Wip1, then perform the function of blocking the cell cycle and inhibiting cell proliferation and invasion. Therefore, miR-16 can play an important role in the inhibition of tumor by targeting the Wip1-ATM-p53 signaling loop in glioma.
Further, we studied the effects of miR-16 regulating Wip1-ATM-p53 signaling pathway on glioma by in vivo and in vitro experiments. The results confirmed that miR-16 reduced glioma growth and invasion. Because the therapeutic challenge of glioma due to the lack of molecular targets, we predict that miR-16 might provide new insights into the development of therapeutic strategies against glioma.
However, some limitations should be noted. First, due to lack of clinical tissue and corresponding follow-up data, the prognostic significance cannot be observed in this study. Second, when we explore the underlying molecular mechanism, some of deeper methods are not be used, like rescue experiment. Third, our preliminary findings only showed that miR-16 regulated Wip1-ATM-P53 signaling loop to influence the cell proliferation, invasion, apoptosis and cell cycle of glioma, but whether miR-16 is Wip1 or p53 dependent wasn't directly explained in this study. All these limitations will be solved in our further experiments.
In conclusion, our findings demonstrated that miR-16 suppressed glioma cells proliferation and invasion, promoted apoptosis and inhibited cell cycle by targeting Wip1-ATM-p53 signaling pathway.
MATERIALS AND METHODS
Cell lines, animals and reagents
Human glioma cell lines SHG44, U87 and U251 were purchased from the Chinese typical culture preservation center. Nude mice, 4-5 weeks of age, male, were purchased from Suzhou Industrial Park Aier Matt Technology Co., Ltd. (Certificate No. 201505453). DMEM culture medium and fetal bovine serum were purchased from American Gibco Corporation. 0.25% pancreatin, bovine serum albumin (BSA), RNase was purchased from Shanghai Beyotime Institute of Biotechnology. Lipofecamine 2000 was purchased from the United States Invitrogen company. MiR-16 mimic, agomir and antagomir transfection kit were purchased from Guangzhou RiboBio Co., Ltd.. Matrigel was purchased from American Becton Dickinson Corporation. Wip1 (ab31070, rabbit polyclonal antibody), ATM (ab78, mouse monoclonal antibody), p53 (ab28, mouse monoclonal antibody), p-ATM (ab36810, mouse monoclona antibody) and p-P53 (ab1431, rabbit polyclonal antibody) were purchased from abcam UK Ltd.. Goat anti-rabbit antibody, goat anti-mouse antibody and β-actin were purchased from Beijing Zhoushan Golden Bridge Biotechnology Co., Ltd.. High-Capacity cDNA Reverse Transcription Kits, TaqMan Universal Master Mix II, microRNA16 probe primer and internal reference U6 probe primer were purchased from American ABI company, as also as Wip1, ATM, p53 and β-actin probe primers.
Cell culture and transfection
Human glioma cell lines SHG44, U87, and U251 were cultured in high glucose DMEM medium supplemented with 10% fetal bovine serum, and placed at 37°C in 5% CO 2 incubator. Routine passage was performed. When in the logarithmic phase, the cells were digested, collected and inoculated in 6-well plate at 1×10 
Clone formation experiment
Transfected with miR-16 mimic and non-targeting negative control, cells were collected, counted after 48 hours, and seeded at low density (200 cells/well) in a 6-well plate. After 4-5 days, medium was exchanged. Culture was terminated about 10-12 days. Cells were fixed in 4% formalin, and dyed by 0.1% crystal violet. The number of clones with more 50 cells was counted under the microscope. The rate of clone formation (%) = the number of clones/actual inoculation cell number × 100%. Each group had 3 duplicate wells and 3 times repeated.
Cell invasion experiment
The matrigel was diluted at the rate of 1: 8 by cold DMEM, then added to chambers (100 μl/chamber), and placed 2 hours at 37°C. The top chamber was added with 100 μl cell suspension (1 ×10
6 cells/ml with no serum medium), and the bottom chamber with 600 μl complete culture medium containing 10% FBS. After 24 h incubation box, removed the chamber, and wiped off the inner surface cells with cotton swab, then fixed in 4% formalin, finally dyed by 0.1% crystal violet. We counted randomly the number of cells in 8 fields of view under 200 × microscope. MiR-16 mimic group and NC group were both repeated 3 times.
Proliferation, apoptosis and cycle experiments
After digested with pancreatin without EDTA, cells were collected and washed two times with pre-cold PBS, and then dealt with according to the instruction of Annexin V-488/PI Apoptosis Kit, EdU Proliferation Kit, and cycle experiment. Finally, cells were detected by flow cytometry.
Intracranial orthotopic transplantation tumor in nude mice [37]
Animal experiments were practiced according to the ethics committee of Medical University of Anhui 44]. Nude mice were divided into miR-16-agomir group and NC group, miR-16-antagomir group and NC group. There were five nude mice in each group. After transfection, SHG44 cells were made into PBS cell suspension, counted and adjusted to the concentration of 2 × 10 6 cells/μl. After intraperitoneal anesthesia, the nude mice were fixed on the single arm digital stereotaxis instrument (ShangHai Biowill Co., Ltd.) Disinfected the scalp and cut it open for exposure of surgical field (1 mm before the anterior fontanelle, 3 mm besides sagittal suture). Then the skull drill (ShangHai Biowill Co., Ltd.) was use to drill the skull, and the micro injector was used to inject 5 μl cell suspension into the brain of nude mice (the depth of needle insertion was 3.5 mm). We pumped needle slowly, use bone wax to seal the drill, bonded scalp by medical adhesive and disinfected it again. After the operation, nude mice were weight and observed every day. When occurred cachexia, nude mice were breathed CO 2 to euthanasia. The brains were completely removed.
Parts of fresh brain tumor tissue were used to RT-PCR and Western-Blot experiments. All the remaining brain tissues were fixed in 10% neutral formalin, embedded by paraffin, then with conventional HE staining and immunohistochemical staining.
qRT-PCR experiment
The total RNA of brain tumors were extracted with total RNA kit II, and the cDNA was synthesized using High-Capacity cDNA Reverse Transcription Kit. MiR-16, Wip1, ATM and p53 were examined by TaqMan Universal Master MixIIkit, and β-actin as the reference gene for correction. ABI 7500 real time fluorescence PCR instrument (American ABI company) reaction condition: denaturation (95°C, 15s), annealing/extension (60°C, 60s), the number of cycles: 45 cycles. MiR-16 primer sequences: UAGCAGCACGUAAAUAUUGGCG, Wip1 primer sequences: TGGAAGAAACTGGCGGAATGGCCAA, ATM primer sequences: GCTACAGAACGAAAGAAAGAAGTTG, p53 primer sequences: GCTCACTCCAGCCACCTGAAGTCCA.
Western blot experiment
Total protein was extracted using RIPA lysis solution (protease inhibitor). Protein concentration was examined by BCA method. After routine denaturation, proteins were separated by 10% SDS-PAGE and transferred to PVDF films by the wet transfer method. 5% skim milk was used to block antibodies for 2 hours at room temperature. Add the first antibody and stay overnight at 4°C. After washing the membrane by TBST, add the second antibody and keep 2 hours at room temperature. After the membrane was washed, the protein expressions of Wip1, ATM, p-ATM (phospho s1981), P53 and p-P53 (phospho s15) were detected by BCL chemiluminescence method, and β-actin as the reference protein for correction. Densitometric analysis of protein bands was performed via using Image J software. Three times were repeated. The first antibody dilution concentration was: Wip1 (1: 100), p53 (1: 200), p-P53 (1: 100), ATM (1: 100), p-ATM (1: 100). The second antibody dilution concentration was 1: 1000.
Immunohistochemical staining
Immunohistochemical staining of Wip1, ATM, p-ATM, p53 and p-p53 proteins was performed by a fully automated immunohistochemistry (Roche Ventana). All procedures were performed in accordance with the instruments and reagents. Antibodies dilution was all 1: 500. The antigen retrieval method was citric acid thermal repair. Finally DAB staining was suitable. Substitution of PBS for the primary antibody served as negative control. Staining results were observed under microscope: Wip1, p53 and p-p53 proteins were localized in the nucleus and cytoplasm, while ATM and p-ATM located in the nucleus. The positive staining was light yellow, yellow or brown. Ten randomly chosen visual fields were observed on every section under microscope. Semi quantitative analysis of immunohistochemical method was performed [38] . Calculate the percentage of positive stained cells: less than 5% for 0 point; 6% to 25% for 1 point: 26% to 50% for 2 points: 51% to 75% 3 for points; >75% for 4 points. Strength grading of staining was negative for 0 point, light yellow for 1 point; yellow or dark yellow 2 points, brown or dark brown for 3 points. Both score multiplied was the final score of the immunohistochemistry.
Vector construction
MiR-16 gene was amplified by PCR from genomic DNA isolated from human brain tissue and cloned into vector pcDNA3.1 (Promega, Madison, WI, USA). A 3'-untranslated region (UTR) luciferase reporter vector was constructed by ligating a fragment of the Wip1 3'-UTR encompassing the miR16 binding sequence into the pcDNA3.1-luc vector (Promega).
Luciferase assay
U87 cells were plated in 24-well plates for 24 hours, and then co-transfected with miR-16 or pcDNA3.1-luc vector containing wild-type or mutant 3'UTR using lipofectamine 2000. Luciferase assays were performed 48 hours after transfection using the Luciferase Reporter Assay System (Promega) according to the manufacturer's instructions. SPSS 22 .0 software was used to deal experimental data, two independent samples t test was used to analyze the discrimination of groups. A P-value of less than 0.05 was considered to be statistically.
Statistical analysis
